Introduction
============

Myocardial infarction (MI) is a great threat to human beings caused by the blockage of blood vessel ([@b1-mmr-17-05-7156]). During the onset and progress of myocardial infarction, sustained workload of cardiomyocyte leads to cardiac hypertrophy, which is a compensatory response of the heart to pathological stimuli ([@b2-mmr-17-05-7156]). Cardiac hypertrophy is coupled with cell surface enlargement, protein potent increase and expression of related-genes including atrial natriuretic peptide (ANP), brain natriuretic factor (BNP) or β-myosin heavy chain (β-MHC) ([@b3-mmr-17-05-7156]). The compensatory hypertrophy is critical to the normal heart function. However, it is an important risk factor for myocardial infarction ([@b4-mmr-17-05-7156]). For the treatment of myocardial infarction, the ischemic/reperfusion therapy must be carried out. However, the ischemic/reperfusion could accelerate myocardial injury.

Apoptosis is recognized as an important mechanism in myocardial injury ([@b5-mmr-17-05-7156]). It is reported that several important molecules are involved in the apoptosis progression, including poly (ADP-ribose) polymerase (PARP) ([@b6-mmr-17-05-7156]), Fas, Fasl ([@b7-mmr-17-05-7156],[@b8-mmr-17-05-7156]) and Caspase-3 ([@b9-mmr-17-05-7156]). In addition, the myocardial cells are rich in mitochondria, which accounts for about 30% of myocardial weight ([@b10-mmr-17-05-7156]). Thus, oxidative stress is a major cause for various heart diseases such as heart failure, myocardial ischemia/reperfusion and myocardial infarction ([@b11-mmr-17-05-7156]--[@b13-mmr-17-05-7156]). Luteolin is a common flavonoid that exists in Chinese medicinal herbs, which is often presented as glycosylated form. Luteolin-7-O-glucoside (LUTG) is the primary active component of Luteolin ([@b12-mmr-17-05-7156],[@b14-mmr-17-05-7156]). It has multiple bioactive effects such as anti-tumor ([@b15-mmr-17-05-7156]), antioxidant ([@b16-mmr-17-05-7156]), anti-inflammatory ([@b17-mmr-17-05-7156]), nervous system protection ([@b18-mmr-17-05-7156]). Recently, it is reported that LUTG could protect against cardiomyocyte injury ([@b3-mmr-17-05-7156]). However, the mechanisms have not been completely elucidated. Mitogen-activated protein (MAP) kinases cascades are highly conserved and exert diverse functions in physiological progress, whose four characterized components consist of ERK1/2, JNK, p38MAPK, and ERK5 ([@b19-mmr-17-05-7156]). MAP kinase pathways have been intensively focused because of their implicated roles in the heart ([@b20-mmr-17-05-7156]--[@b22-mmr-17-05-7156]). MAPK cascades could be activated by stimuli such as Ang II and oxidative stress ([@b23-mmr-17-05-7156],[@b24-mmr-17-05-7156]). Therefore, regulation of the MAPK signaling pathway appears to be a promising strategy for the treatment of cardiac injury ([@b25-mmr-17-05-7156]).

In this study, we investigated the effects of LUTG using the Ang II-treated H9c2 cells as model *in vitro*. The results demonstrated that LUTG could prevent cardiomyocyte from apoptosis induced by hypoxia/reoxygenation and the protective effect may be related to inhibiting the phosphorylation of ERK1/2, JNK and P38, and enhancing the phosphorylation of ERK5. Our findings would lay foundation for the development of cardiovascular drugs with independent intellectual property rights.

Materials and methods
=====================

### Cell culture

Rat cardiac H9c2 cells (ATCC, USA) were cultured in Dulbecco\'s modified Eagle\'s media (DMEM) (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), which is supplemented with 10% fetal bovine serum (FBS; Takara Biotechnology Co., Ltd., Dalian, China), 100 ug/ml streptomycin (Takara Biotechnology Co., Ltd.), and 100 unit/ml penicillin (Takara Biotechnology Co., Ltd.) at 37°C in a humidified atmosphere with 5% CO~2~.

### Cell treatment

Treatment of hypoxia/reoxygenation was performed to mimic the myocardial ischemia/reperfusion (I/R) injury in the body. Cells were cultured in free serum medium overnight and 4 treatment groups were designed for the experiments: i) Normal group, H9c2 cells were cultured with 0.1% DMSO; ii) model group (MG), H9c2 cells were treated with 1 µM Angiotensin II (Ang II) for 48 h; iii) hypoxia/reoxygenation treatment group (H/R), after treated with 1 µM Ang II for 48 h, H9c2 cells were cultured at 37°C with a humidified atmosphere containing 95% N2 and 5% CO~2~ for 8 h, following reoxygenation for 4 h; iv) LUTG (Melon, China) pretreatment groups, H9c2 cells were treated with 1 µM Ang II for 48 h prior to cultured in the medium containing LUTG at different doses (10 and 20 µM) for 6 h, then with treatment of 8 h hypoxia/6 h reoxygenation (H/R+10, H/R+20).

### Cell viability measurement

H9c2 cells in 96-well plate (1×10^4^ cells/well) were treated as designed. Cells were cultured in serum-free medium overnight before detection. After adding CCK-8 solution the samples were incubated at 37°C for 2 h in the dark. Then cell viability was determined according to the protocols provided by the Cell Counting Kit-8 (CWBio, Beijing, China).

### Flow cytometry analysis for ROS production

ROS was measured using oxidant-sensitive probe CMH2DCFDA (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). H9c2 cells (1×10^4^ cells/well) in 96-well plate were pretreated as above. The cells were fixed with 16% formaldehyde for 10 to 15 min and then incubated at 37°C for 30 min. Subsequently, the plate was washed with PBS for 3 times before measurement of the fluorescence intensity by flow cytometric analysis (BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer\'s instructions.

### Flow cytometry analysis for apoptosis

H9c2 cells (1×10^4^ cells/well) in 96-well plate were pretreated as above. Then, H9c2 cells were harvested and analyzed for cell apoptosis with Annexin V and propidium iodide (PI) staining, using FITC Annexin V apoptosis detection kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Flow cytometric analysis was performed on BD FACS Canto II.

### Immunofluorescence assay

Cardiac troponin-T (cTnT) specific monoclonal antibody (Abcam, Cambridge, UK) was incubated at 4°C overnight after the slides were blocked with 5% BSA for 30 min at room temperature. Then, anti-IgG/FITC (Sigma-Aldrich; Merck KGaA), as secondary antibody, was added at room temperature for 1 h and nuclei were stained with DAPI for 15 min. The slides were observed with a fluorescence microscope (Olympus Corporation, Tokyo, Japan). The cell surface area was analyzed by Image Pro-Plus software.

### Measurement of LDH content and CAT activity

H9c2 cells (1×10^4^ cells/well) in 96-well plate were collected after treatment as above description. The medium was centrifuged at 3,000 rpm, for 5 min. Then, the supernatant was transferred to a new 96-well plate. The myocardial enzymes spectrum including LDH and CAT were measured by an automatic biochemical analyzer (Hitachi, Tokyo, Japan).

### RNA isolation and real time PCR

Total RNA was extracted using RNAiso reagent (Takara Biotechnology Co., Ltd.). RNA was reverse transcribed using M-MLV reverse transcriptase (Takara Biotechnology Co., Ltd.). Real-Time reaction was performed using a Real-Time PCR system (ABI 7500; Applied Biosystems, Foster City, CA, USA). The primer sequences used in this study were as follows: β-MHC forward, 5′-CAGACATAGAGACCTACCTTC-3′ and reverse, 5′-CAGCATGTCTAGAAGCTCAGG-3′; Fas forward, 5′-GGATGAACCAGACTGCGTG-3′ and reverse 5′-CTGCATGTTTTCTGTACTTCC-3′; FasL forward, 5′-CTCTGGAATGGGAAGACACC-3′ and reverse 5′-ACCAGAGAGAGCTCAGATACG-3′; PARP forward, 5′-ACGTGTCTGCCTCCACTAAA-3′ and reverse 5′-ACCAGAGTCAGGATCAACGG-3′; Caspase-3 forward, 5′-CTCGCGTTAACAGGAAGGTG-3′ and reverse 5′-GGCAGTGGTAGCGTACAAAG-3′; GAPDH forward, 5′-GGCACAGTCAAGGCTGAGAATG-3′ and reverse: 5′-ATGGTGGTGAAGACGCCAGTA-3′. The relative expression of mRNA was calculated based on 2^−ΔΔCq^ method ([@b26-mmr-17-05-7156]).

### Western blot analysis

The proteins were extracted using total protein extraction kit (CWBio). Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to PVDF membrane. Primary antibody directly against PARP, Fas, Fasl, casepaes-3 and GAPDH were from Cell Signaling Technology, Inc. (Danvers, MA, USA). The primary antibodies against p-ERK1/2, p-JNK, p-P38 were puchased from Sigma-Aldrich; Merck KGaA, while p-ERK5, ERK5, ERK1/2, JNK, P38MAPK were from Cell Signaling Technology, Inc. HRP-conjugated secondary antibodies are from CWBio. And the signals were visualized with BeyoECL Plus (EMD Millipore, Billerica, MA, USA).

### Statistical analysis

Data was expressed as the mean ± standard deviation. Comparisons of differences between groups were made by one-way ANOVA or t-test. P\<0.05 was considered to indicate a statistically significant difference..

Results
=======

### The establishment of cardiac hypertrophy model

Immunofluorescence staining assay (IFA) was performed to identify the cardiac phenotype of the cells ([Fig. 1A](#f1-mmr-17-05-7156){ref-type="fig"}). Thereafter, Angiotensin II (Ang II) was adopted to induce cardiomyocyte hypertrophy in this study. The images showed that the relative cell surface area was enlarged ([Fig. 1B and C](#f1-mmr-17-05-7156){ref-type="fig"}) following the treatment of Ang II. Meanwhile, RT-PCR and Western blot assays showed that the expression of β-MHC was upregulated significantly under the Ang II stimulation ([Fig. 1D-F](#f1-mmr-17-05-7156){ref-type="fig"}).

### LUTG maintained the redox homeostasis in cardiomyocytes

Subsequently, the effect of LUTG (2, 5, 10, 20, 40 and 60 µM) on the viability of H9c2 cells was tested with CCK-8 assay. The results showed that LUTG at each concentration did not cause cytotoxicity significantly ([Fig. 2A](#f2-mmr-17-05-7156){ref-type="fig"}). Moverover, the potential effect of LUTG was also determined in the H/R treated cardiomyocytes. It was shown that LUTG improved the cell survival in a dose dependent manner. The pretreatment with 2 µM LUTG could not suppress the H/R induced damage significantly ([Fig. 2B](#f2-mmr-17-05-7156){ref-type="fig"}). Thus, in this study, we adopted 10 nd 20 µM to explore the effects of LUTG on the cardiomyocytes, which was correspond to the previous studies ([@b3-mmr-17-05-7156],[@b27-mmr-17-05-7156],[@b28-mmr-17-05-7156]). The balance between ROS production and elimination is vital to cell survival through maintaining the cellular redox homeostasis ([@b29-mmr-17-05-7156]). By flow cytometry analysis, it was displayed that ROS levels were elevated obviously both in the model group and in the H/R group. By contrast, the ROS production was inhibited significantly in the LUTG pretreatment groups ([Fig. 2C and D](#f2-mmr-17-05-7156){ref-type="fig"}). Moreover, the amount of released lactate dehydrogenase (LDH), as a common indicator to determine membrane leakage and cellular damage ([@b30-mmr-17-05-7156]), was decreased in the LUTG pretreatment group compared to the H/R group ([Fig. 2E](#f2-mmr-17-05-7156){ref-type="fig"}). Furthermore, the activity of catlase (CAT), one of the main extracellular antioxidant enzymes ([@b31-mmr-17-05-7156]), was evaluated substantially in the LUTG pretreatment groups compared to that of the H/R group ([Fig. 2F](#f2-mmr-17-05-7156){ref-type="fig"}).

### LUTG mitigated cardiac apoptosis induced by hypoxia/reoxygenation

Oxidative stress is involved in the apoptosis of hypertrophic myocardial cells ([@b32-mmr-17-05-7156]). The flow cytometry analysis revealed that percentage of cell apoptosis induced by hypoxia/re oxygenation were significantly reduced by LUTG compared to the H/R group ([Fig. 3A and B](#f3-mmr-17-05-7156){ref-type="fig"}). In addition, the mRNA expression of apoptosis-related genes including PARP, Fas, Fasl and Caspase-3 were lower than that in the H/R group. And the Western blot analysis presented that PARP, Fas, Fasl and Caspase-3 were downregulated in the LUTG pretreatment groups ([Fig. 3C-E](#f3-mmr-17-05-7156){ref-type="fig"}).

### LUTG regulated the expression of MAPKs cascades in vitro

To determine the mechanisms of the myocardial protection mediated by LUTG, the expression of p-ERK1/2, p-JNK, p-P38 and p-ERK5 was measured by Western blot analysis. It was presented that the expression of p-ERK1/2, p-JNK and p-P38 were increased in the model group. Moreover, the phosphorylation levels of ERK1/2 JNK and P38 were boosted after hypoxia/reoxygenation treatment in the H/R group. By contrast, the expression of p-ERK1/2, p-JNK and p-P38 were inhibited, while the level of p-ERK5 was elevated in the LUTG pretreatment groups compared to those of the H/R group ([Fig. 4A-F](#f4-mmr-17-05-7156){ref-type="fig"}).

Discussion
==========

Myocardial hypertrophy is often associated with myocardial infarction. It is published that apoptosis may be the molecule mechanisms of myocardial injury caused by the ischemic/reperfusion therapy ([@b33-mmr-17-05-7156]). The number of cardiomyocytes decreases and myocardial fibroblasts proliferate during apoptosis progression, which will lead to myocardial hypertrophy and the decrease of contraction force and eventually develop into a heart failure ([@b34-mmr-17-05-7156]). Increasing evidences have displayed that oxidative stress plays important roles in the pathogenesis of myocardial disease. Then, the excessive ROS causes a series of pathological changes such as the activation of redox enzyme ([@b35-mmr-17-05-7156]). ROS-induced activation of mitogen activated protein kinases (MAPK) are the potential mechanisms involved ([@b36-mmr-17-05-7156]--[@b38-mmr-17-05-7156]). Like other flavonoids, LUTG possesses many pharmacological activities ([@b14-mmr-17-05-7156],[@b39-mmr-17-05-7156]). Thus, we try to explore the effect of LUTG on cardiomyocytes and the underlying mechanisms *in vitro*.

In this study, we established a model of cardiac hypertrophy using Ang II treatment ([Fig. 1A-F](#f1-mmr-17-05-7156){ref-type="fig"}) and found that the cell viability was improved and the ROS levels were decreased by the pretreatment of LUTG ([Fig. 2B-D](#f2-mmr-17-05-7156){ref-type="fig"}). Meanwhile, the activity of LDH was reduced in the LUTG pretreatment groups ([Fig. 2E](#f2-mmr-17-05-7156){ref-type="fig"}). Moreover, the activity of CAT was recovered in the LUTG pretreatment groups compared to that of the H/R group ([Fig. 2F](#f2-mmr-17-05-7156){ref-type="fig"}). These results implied that LUTG could mitigate the myocardial injury. This result was in line with the preliminary reports ([@b3-mmr-17-05-7156],[@b27-mmr-17-05-7156]). Furthermore, our results showed that LUTG could mitigate cardiac apoptosis induced by hypoxia/reoxygenation ([Fig. 3A and B](#f3-mmr-17-05-7156){ref-type="fig"}). And the expression of apoptosis-related genes including PARP, Fas, Fasl and Caspase-3 were lower in the LUTG pretreatment groups than those in the H/R group ([Fig. 3C-E](#f3-mmr-17-05-7156){ref-type="fig"}). It was indicated that LUTG exerted anti-apoptotic effect by inhibiting the expression of apoptosis-related genes in myocardial cells, which was supported by the previous study in cardiomyocytes ([@b27-mmr-17-05-7156]). Another study has claimed that Luteolin could inhibit cell proliferation and induce cell apoptosis in tumor cells ([@b40-mmr-17-05-7156]). These results seem to be conflict, which might be due to the distinct cell types and the specific cellular contexts ([@b41-mmr-17-05-7156]). MAPK signal cascades are implicated in a variety of physiological progress. Thus, the involvement of MAPKs signal group in this study model was further explored. The results revealed that the cardio protective effect of LUTG may be related to inhibiting the sustained phosphorylation of ERK1/2, JNK and P38, and enhancing the phosphorylation of ERK5 ([Fig. 4A-F](#f4-mmr-17-05-7156){ref-type="fig"}). However, it is rather controversial whether these MAPKs signals are cardiac protective or not in the heart ([@b42-mmr-17-05-7156]). This underscored the complexity of the MAPK cascades group, whose activities may be stressor-specific. The conclusions need to be arrived according to the deeper investigations in the future ([@b43-mmr-17-05-7156],[@b44-mmr-17-05-7156]). Overall, the results were in agreement with the existing reports that emphasize the protective effect of LUTG ([@b27-mmr-17-05-7156],[@b30-mmr-17-05-7156]). However, the molecule bridge between LUTG and MAPKs cascades remains unclear in this study and the protective effect of LUTG needs to be validated in whole animal studies. In recent years, it has reported that some other signaling pathways play essential roles in the maintenance of cardiac tissue homoeostasis such as Wnt/β-catenin signaling pathway ([@b45-mmr-17-05-7156]) and Nrf2 signaling pathway ([@b46-mmr-17-05-7156]). Thus, the protective effect mediated by LUTG is possible to be the consequence of crosstalk among MAPKs and other signaling pathways. Therefore, the mechanisms involved in this study are necessary to be deeply investigated.

In summary, we found that LUTG protected against cardiomyocyte injury through reduction of the LDH activity, decreased ROS production and increased antioxidant activity, thereby improving the cell survival rate. Moreover, LUTG could mitigate the apoptosis induced by hypoxia/reoxygenation in myocardial hypertrophy. Additionally, the anti-apoptosis effects of LUTG may be related to declining the levels of p-ERK1/2, p-JNK and p-P38 and elevating the level of p-ERK5. Taken together, our results suggested that LUTG may be a promising candidate in the prevention of myocardial infarction.

![Establishment of cardiac hypertrophy model. (A) Identity of Cardiomyocytes by Immunofluorescence assay. (B and C) Measurement of relative surface area. (D) Quantitative analysis of β-myosin heavy chain (MHC). (E) Western blot analysis of β-MHC. (F) Determination of relative protein level of β-MHC. GAPDH was employed as internal control. Data were presented as mean ± standard deviation, n=3, \*\*P\<0.01 vs. control.](MMR-17-05-7156-g00){#f1-mmr-17-05-7156}

![Luteolin-7-O-glucoside (LUTG) maintained the redox homeostasis in cardiomyocytes. (A) Effect of LUTG on the viability of cardiomyocytes. (B) Effect of LUTG on the viability of the H/R treated cardiomyocytes. (C and D) Flow cytometry analysis for ROS generation. (E) LDH activity analysis. (F) Antioxidant enzyme CAT activity analysis. Control mock (CK); model group (MG); hypoxia/reoxygenation group (H/R); LUTG (10 and 20 µM) pretreatment groups: (H/R+10, H/R+20). Data were presented as mean ± standard deviation, n=4, \*P\<0.05 and \*\*P\<0.01 vs. CK; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. H/R.](MMR-17-05-7156-g01){#f2-mmr-17-05-7156}

![Luteolin-7-O-glucoside (LUTG) mitigated cardiac apoptosis. (A) Flow cytometry analysis for apoptosis. (B) Cell apoptosis rate. (C) Quantitative analysis of PARP, Fas, Fasl and Caspase-3. (D and E) Western blot analysis of PARP, Fas, Fasl and Caspase-3. GAPDH was detected as the control of sample loading. Control mock (CK); model group (MG); hypoxia/reoxygenation group (H/R); LUTG (10 and 20 µM) pretreatment groups: (H/R+10, H/R+20). Data were presented as mean ± standard deviation, n=4, \*P\<0.05 and \*\*P\<0.01 vs. CK; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. H/R.](MMR-17-05-7156-g02){#f3-mmr-17-05-7156}

![The effect of Luteolin-7-O-glucoside (LUTG) on the activity of p-ERK, p-JNK, p-P38 and p-ERK5. (A-C) Western blot analysis of ERK1/2, p-ERK1/2, JNK and p-JNK. (D-F) Western blot analysis of ERK5, p-ERK5, P38, and p-P38. GAPDH was detected as the control of sample loading. LUTG pretreatment concentrations were 10 and 20 µM separately. Control mock (CK); model group (MG); hypoxia/reoxygenation group (H/R); LUTG (10 and 20 µM) pretreatment groups: (H/R+10, H/R+20). Data were presented as mean ± standard deviation, n=4, \*P\<0.05 and \*\*P\<0.01 vs. CK; ^\#^P\<0.05 vs. H/R.](MMR-17-05-7156-g03){#f4-mmr-17-05-7156}
